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This  contract  was  initiated  to  assess  the  ballistic  tolerance  of  boron/epoxy 
sandwich  drive  shafts. 

Seven  boron/epoxy  double-wall  shafts  were  ballisticeQ-ly  impacted  while  under 
torque  loads  ranging  from  r,500  to  12,300  in. -lb.  Projectile  velocities  ranged 
from  l,5b0  to  2,500  fps.  Static  residual  strengt.h  tests  were  then  conducted. 
Three  aluminum  rliafts  were  tested  similarly  for  comparison. 

The  residual  strength  of  the  boron/epoxy  shafts  was  approximately  8,000  in. -lb, 
which  is  about  one-third  the  ultimate  strength  of  an  undamaged  tube.  The 
aluminum  shafts  exhibited  residual  strengths  of  22,000  to  32,000  in. -lb,  which 
would  be  sufficient  to  carry  expected  flight  loads.  , 

This  program  has  shown  that  ±b5°  boron/epoxy  sandwich  di'ive  shafts  exhibit  much 
lower  resldueil  strengths  after  ballistic  damage  than  do  the  conventional  alumim 
shafts,  and  that  design  Improvements  would  be  required  if  the  boron/epoxy  shafti 
are  to  be  acceptable  in  a  ballistic  environment. 
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This  report  was  prepared  by  Sikorsky  Aircraft  Division,  United  Aircraft 
Corporation,  under  the  terms  of  Contract  DAAJ02-71-C-0021, 

The  ballistic  tolerance  of  both  boron/epoxy  double^uall  drive  shafts 
and  conventional  aluminum  tail  rotor  drive  shafts  was  evaluated  using 
Caliber  .30  APM  projectiles.  The  specimens  were  ballistically  Impacted 
under  operating  loads  and  their  residual  strengths  determined.  Four  of 
the  seven  composite  shafts  tested  failed  on  Impact.  The  remaining  three 
exhibited  low  residual  strength.  All  of  the  aluminum  tubes  withstood 
the  Impact  and  were  able  to  carry  full  operating  loads  with  some  safety 
factor  (22,000  inch-pounds). 

This  Directorate  concurs  with  the  conclusions  and  recommendations  set 
forth  in  this  report. 
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SUMMARY 


This  contract  was  initiated  to  assess  the  ballistic  tolerance  of 
boron/epoxy  sandwich  drive  shafts. 

Seven  boron/epoxy  double-wall  drive  shafts  were  fabricated  and 
ballisticaJ-ly  impacted  while  under  torque  loads  ranging  from  7  >500  to 
12,300  in. -lb.  Projectile  velocities  ranged  from  1,5^0  to  2,500  fps. 

Static  residual  strength  tests  were  then  conducted  on  the  shafts  remaining 
intact.  Three  aluminum  shafts  were  tested  in  a  similar  manner  for 
comparative  purposes. 

Visual  inspection  of  the  specimens  after  ballistic  impact  indi¬ 
cated  less  damage  to  the  composite  shafts  than  to  the  aluminum.  The  boron/ 
epoxy  shafts,  however,  exhibited  lower  residual  strengths  and  failed  at 
approximately  8,000  in. -lb,  which  is  about  one-third  the  ultimate  strength 
of  an  undamaged  tube  of  the  same  configuration  (based  on  company- funded 
test  programs).  The  aluminum  shafts  failed  at  residual  torques  of  22,000 
to  32,000  in. -lb.  It  is  noted  here,  however,  that  the  ±45^  sandwich  con¬ 
figuration  of  the  boron/epoxy  specimens  is  not  a  final  design,  as  the  shaft 
is  still  in  the  development  stags.  While  the  ±45°  plies  axe  sufficient 
for  static  strength,  additional  plies  at  other  orientations  may  be  necessary 
to  meet  stiffness  requirements  for  critical  speed.  The  effect  of  these 
plies  on  the  nominal  and  residual  strengths  would  have  to  be  determined 
through  static  and  ballistic  tests. 

This  program  has  shown  that  ±45°  boron/epoxj'-  sandwich  drive 
shafts  exhibit  much  lower  residual  strengths  after  ballistic  dameige  than  do 
the  conventional  aluminum  shafts.  The  use  of  boron/epoxy  in  drive  shaft 
applications  should  not  be  ruled  out,  however,  as  design  improvements  may 
increase  the  residual  strength  of  the  shafts.  Such  improvements  may  include 
the  use  of  multiple  orientations  of  plies  to  reduce  stress  concentrations , 
reinforcing  plies  to  reduce  the  extent  of  damage ,  and/or  crack  stoppers 
to  limit  the  crack  propagation.  It  is  concluded  that  design  improvements 
would  be  required  of  the  boron/epoxy  double-wall  drive  shafts  if  they  are  to 
be  acceptable  in  a  ballistic  environment. 
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FOREWORD 


This  summary  technical  report  vras  prepared  by  Sikorsky  Aircraft, 
Division  of  the  United  Aircraft  Corporation,  under  USAAMRDL  Contract 
DAAJ02-7  J-0021  (Task  IF162205AA5201) ,  and  covers  the  work  performed 
during  the  period  of  February  1971  through  June  1971  • 

The  report  contains  the  account  of  the  program  to  determine 
the  beJlistic  tolerance  of  boron/epoxy  double-wall  drive  shafts. 

The  contract  was  monitored  by  James  T.  Robinson  of  the  Safety 
and  Survivability  Division,  USAAMRDL. 

The  Sikorsky  individuals  who  made  technical  contributions  to  the 
program  and  their  aj:eas  of  activity  are  as  follows : 


R.  T.  Welge . Program  Manager 

M.  J.  Rich . Chief,  Structures  Technology 

F.  H.  Veit . Structures 

R.  E.  Haven . Test 
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IHTRODUCTION 


The  use  of  advanced  filamenteiry  composites  offers  an  appreciable 
reduction  in  thf  structural  weight  of  helicopters.  Under  company  funding, 
Sikorsky  Aircraft  hsis  evaluated  the  use  of  boron /epoxy  for  tail  rotor  drive 
shafts.  This  component  was  chosen  because  it  offers  a  large  weight  reduc¬ 
tion  with  the  use  of  high-modulus,  high-strength  composites  emd  can  lead 
to  minimizing  the  number  of  parts  required  by  designing  longer  shaft  sec¬ 
tions  with  fewer  beeurings. 

The  original  development  work  concentrated  on  using  ±U5°  boron/ 
epoxy  laminates  in  single-wall  construction  as  shown  in  Figvire  1.  Single¬ 
wall  tube  sections  were  tested  in  pure  static  torsion,  but  the  results 
were  not  as  encouraging  as  expected  when  compeired  with  meteil  shafts.  The 
strength  of  the  single-wall  composite  tubes  wets  severely  limited  by  the 
instability  of  the  thin  walls.  The  stiffened  wall  concept  of  seindwich 
construction  then  evolved.  This  double-wall  honeycomb  structure,  shown 
in  Figure  2,  proved  to  be  much  stronger  than  both  single-wall  boron/epoxy 
and  aluminum  shafts.  The  results  of  the  static  tests  are  shown  in  Figure  3. 
The  test  resiilts  showed  that  boron/epoxy  sandwich  construction  yielded  a 
33  percent  weight  saving  over  that  of  conventional  alxuainum  shafting. 

In  an  additional  company-funded  effort  to  reduce  the  weight  of  drive 
systems,  a  composite  integral  end  design  was  developed  by  Sikorsky  Aircraft. 
The  integral  end,  shown  in  Figvire  4,  has  been  static  torsion  tested  and 
has  exhibited  strengths  exceeding  that  of  long  shaft  sections.  The  vise  of 
composite  integral  ends  increases  the  tube  assembly  weight  saving  to  4o 
percent.  Further  weight  savings  can  be  obtained  by  designing  longer  shaft 
sections  with  fewer  bearings.  The  longest  section  tested  to  date  is 
37  inches,  which  is  the  span  used  on  existing  Sikorsky  models.  Longer 
shaft  lengths ,  by  reducing  the  number  of  bearing  supports  and  end  couplings , 
also  reduce  the  vulnerability  of  the  overall  subsystem.  Previous  screening 
ballistic  tests  of  double-wall  tubes,  not  under  load,  showed  little  damage 
after  impact.  This  observation  pronqjted  the  present  study  to  assess  the 
effects  of  ballistic  Impacts  on  composite  sandwich  shafts  under  actual 
loading  conditions. 
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DISCUSSION 


BALLISTIC  IMPACT  TESTS 


Ballistic  impact  tests  were  conducted  on  seven  boron/epoxy  drive 
shafts  and  three  aluminum  drive  shafts  to  determine  the  residual  strength 
of  these  structures  after  sustaining  bsdlistic  damage.  The  tests  were 
conducted  at  the  U.S.  Army  Ballistic  Research  Laboratories  (BRL),  Aberdeen, 
Maryland,  where  the  following  test  fixtures  and  materials  were  supplied: 

(a)  the  ballistic  test  rig  with  all  shaft  mounting  hardware 

(b)  ammunition  (0.30  ceLLiber  -  ball  type) 

(c)  instrumentation  to  measure  impact  velocity 

(d)  ballistic  facilities,  including 

(1)  capability  to  tumble  rounds 

(2)  dry  nitrogen  for  torque  application 

(253  cu  ft  at  2200  psi) 

(e)  personnel  to  conduct  ballistic  tests 

A  schematic  of  the  loading  systjm  is  shown  in  Figure  5.  The  equipment  and 
test  specimens  supplied  by  Sikorsky  Aircraft  included  the  following: 

(a)  3  surplus  aluminum  shafts 

(b)  6  boron/epoxy  drive  shafts,  L  =  19.125  in.,  U-ply  outer  wall, 
2-ply  inner  weill,  C  .010-in.  honeycomb  core,  nominal  diameter 
=  3  in. ,  nominal  ply  thickness  =  0.0052  in. 

(c)  1  boron/epoxy  drive  shaft,  L  =  45.9  in.  ,  cross  section  same  as 
above  tube 

(d)  3  conventional  alioninum  drive  shafts,  L  =  14.625  in.,  2024  T3 
aluminum,  OD  =  3.18  in.,  t  »  .115  in. 

(e)  adapters  and  associated  hardware  as  reqviired 

NOTE:  One  short  boron/cpoxy  shaft  was  proof-loaded  at  Sikorsky  to 
16,350  in. -lb,  to  insure  the  structural  integrity  of  the 
end  attachment. 

The  first  series  of  t(;st8  was  conducted  on  March  29 ,  1971  at  BRL  in 
Aberdeen  The  initial  work  consisted  of  four  firings  at  the  surplus 
aluminum  shafts  to  determine  the  beillistic  characteristics  of  the  test 
system.  The  six  short  boron/epoxy  specimens  were  then  tested  with  the 
results  and  test  data  shcnm  in  Table  I,  specimens  1  through  6.  The 
ballistic  tests  consisted  of  firing  at  the  shafts  xinder  predetermined 
torque  load.  The  specimens  were  then  to  be  returned  to  Sikorsky  Aircraft 
for  static  testing  to  determine  their  residual  strengths.  It  weis  planned 
to  load  the  specimens  to  the  limit  design  torque  of  16,350  in. -lb,  but 
a  system  csLLibration  error  resulted  in  loading  the  first  tube  to  only 
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12,300  in. -lb.  Since  this  specimen  failed  on  impact,  the  torque  was 
lowered  to  8,200  in. -lb  for  the  second  test.  Again  the  specimen  failed 
on  impact.  For  the  third  test,  the  velocity  of  the  projectile  was  lowered 
and  the  shot  was  straight  rather  than  tumbled  as  in  the  first  two  tests , 
but  failure  on  impact  still  occurred.  It  was  apparent  that  both  the  torque 
and  velocity  of  impact  influenced  the  tests,  and  consequently  the  remaining 
three  shafts  were  tested  at  reduc.,*d  load  and  velocity  as  shown  in  Table  I. 
These  shafts  did  not  fail  on  impact  and  were  returned  to  Sikorsky  Aircraft 
for  static  residual  strength  tests. 

The  second  series  of  tests  was  conducted  at  BRL  on  May  11,  1971- 
This  series  included  recalibration  of  the  loading  system  and  ballistic 
teste  of  one  U5. 9-inch  boron/epoxy  shaft  and  three  lU. 625-inch  aluminum 
shafts.  The  results  of  these  tests  are  summarized  in  Table  I,  specimens 
7  through  10.  The  boron/epoxy  shaft  failed  on  impact  under  10,000  in. -lb. 
All  three  aluminxjm  shafts  sustained  the  load  on  impact  and  were  returned 
to  Sikorsky  Aircraft  for  residual  strength  tests. 

Photographs  of  ballistically  damaged  specimens  are  seen  in 
Figures  6  through  23.  The  shaft  numbering  system  corresponds  to  that  con¬ 
tained  in  Table  I.  An  investigation  of  the  tubes  indicates  that  the  actual 
damaged  eorea  is  less  on  the  composite  shafts  than  on  the  aluminum  shafts. 
This  can  be  seen  by  examining  Figures  11  through  23.  Composite  specimens 
U,5,  and  6,  which  sustained  the  load  on  impact,  exhibit  relatively  small 
holes  with  little  adjeicent  fiber  damage.  The  long  composite  specimen 
also  shows  a  small  damaged  area  (see  Figures  l6  and  17).  In  contrast, 
however,  the  aluminum  shafts  have  larger  holes  with  flowering  and  sharp 
corners.  In  all  cases  the  damage  was  greatest  for  tiunbled  shot  at  high 
velocities . 


3 


TART.K  T.  BALLISTIC  TESTS  OF  DRIVE  SHAFTS 
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STATIC  RESIDUAL  STRENGTH  TESTS 


The  residual  strength  tests  conducted  at  Sikorsky  Aircraft  were 
static  torsion  tests.  The  specimens  were  mounted  between  two  flat  steel 
plates,  and  the  load  was  applied  by  rotating  one  plate  with  respect  to  the 
other  by  means  of  a  hydraulic  pump.  The  steel  plates  were  splined  to  aJ.low 
longitudinal  motion  of  the  shafts  upon  being  torqued.  All  specimens  that 
survived  the  beLLlistic  tests  were  loaded  t^  failure  in  this  manner,  eind 
the  results  are  shown  in  Table  II.  Composite  specimens  1,  2,  3  and  7  failed 
on  ballistic  impact.  The  remaining  three  composite  shafts  auid  the  three 
aluminum  shafts  yielded  results  indicating  that  the  aluminum  shafts  have 
approximately  three  times  the  residual  strength  as  the  composites. 

The  failures  in  the  residual  strength  tests  of  the  composite  shafts 
were  similar  to  those  the.t  occurred  on  impact.  The  brittle  nature  of  the 
composite  caused  catastrophic  failures,  with  the  specimens  breaking  along 
a  L5°  angle.  Cracking  noises  were  hoard  at  1000  in. -lb  before  failure. 

The  aluminum  shafts  also  failed  along  angles  approximately  l45°  to  the 
shaft  axis.  In  the  case  of  the  aluminum  shafts,  however,  no  not°'‘P  were 
heard  prior  to  failure ,  and  the  cracks  did  not  propagate  as  feir  as  in  the 
composite  shafts .  ^ 

It  should  be  noted  that  the  maximum  operating  torque  on  the  aircraft 
for  which  these  shafts  were  designed  is  16,350  in. -lb;  applying  a  factor 
of  1.5,  the  ultimate  design  torque  is  2^4,500  in. -lb.  If  the  dynamic 
unbalance  of  the  flowered  aluminum  shaft  after  ballistic  damage  is  not 
severe,  the  aluminum  shafts,  with  residual  strengths  in  the  range  of 
22,000  to  32,000  in. -lb,  would  be  able  to  land  safely.  The  present 
boron-epoxy  shafts,  however,  exhibited  residual  strengths  of  less  than 
10,000  in. -lb  and  therefore  would  not  be  acceptable  in  a  ballistic 
environment. 
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TABLE  II.  RESIDUAL  STRENGTH  TESTS 


SPECIMEN 

LENGTH 
(  in. ) 

RESIDUAL 
STRENGTH 
(in. -lb) 

1 

boron/epoxy 

19.125 

failed 

2 

boron/epoxy 

19.125 

failed 

3 

boron/epoxy 

19.125 

failed 

I4 

boron/epoxy 

19.125 

8,24o 

5 

boron/epoxy 

19.125 

7,780 

6 

boron /epoxy 

19.125 

7,000 

7 

boron/epoxy 

‘♦5.9 

failed 

8 

aluminum 

IU.625 

26,400 

9 

aluminum 

14.625 

32,600 

IU.625 


.0 


aluminum 


22 ,000 


I 


ANALYSIS 


The  strength  of  boron/epoxy  drive  shafts  has  been  investigated 
in  previous  company- funded  studies  at  Sikorsky  Aircraft  through  static 
torsion  testing  of  full-scale  components.  These  tests  have  yielded  strength 
data  on  failure  shear  stress  as  a  function  of  length-to-diameter  ratio  (L/D) 
curves  for  both  single-wall  and  double-wall  (honeycomb  sandwich)  shafts, 
as  seen  in  Figure  3.  For  comparison,  the  data  for  conventioneJ.  eduminum 
shafts  is  also  shown.  It  is  readily  seen  that  much  higher  stresses  can 
be  achieved  in  the  sandwich  tubes,  permitting  more  efficient,  lighter 
weight  designs. 

The  point  to  be  noted  for  this  discussion  of  ballistic  tolerance 
is  the  ultimate  shear  strength  capability  of  the  boron/epoxy  shafts,  indi¬ 
cated  by  the  flat  port  of  the  curve  in  Figure  3.  Below  an  L/D  of  approxi¬ 
mately  3.5,  the  shafts  fail  due  to  material  ultimate  strength.  Above  this 
L/D  value,  torsional  stability  governs  the  failures,  and  the  shaft  capabil¬ 
ity  depends  on  the  tube  geometry.  It  is  seen  in  Figure  3  that  the  ulti¬ 
mate  shear  stress  of  boron/epoxy  shafts  (±**50  fiber  orientation)  is  approx¬ 
imately  100,000  psi ,  which  is  consistent  with  theory  stating  that  ultimate 
shear  strength  is  approximately  one-half  ultimate  tensile  strength 
(200,000  psi  for  boron/epoxy).  It  is  expected,  therefore,  that  failure  will 
occur  when  the  ballistic  damage  produces  loceul  shear  stress  concentrations 
exceeding  100,000  psi. 

The  basic  analytical  approach  used  in  this  study  was  to  ceLLculate 
stress  concentration  factors  (Kj.)  for  the  damaged  parts  and  then  to  apply 
these  factors  to  the  nominal  shear  stresses  to  determine  the  expected 
failure  loads.  It  is  noted  that  stress  concentration  factors  are  not 
valid  for  most  metal  structures  under  the  action  of  static  loads  since 
the  pleistic  characteristics  of  the  metals  permit  local  yielding  to  re¬ 
distribute  the  stresses  and  thereby  eliminate  the  effect  of  the  concen¬ 
tration.  With  boron/epoxy,  however,  the  stress-strain  relationship  is 
very  nearly  llneeu:  to  failure,  and  therefore  little  or  no  yielding  ceui 
take  place.  It  is  this  brittle  nature  of  boron/epoxy  that  permits  the  use 
of  stress  concentration  factors  under  the  application  of  static  loads. 

TVo  different  theories  were  used  to  calculate  the  stress  concen¬ 
trations,  and  the  methods  were  coiq>£u:ed.  The  first  was  to  use  the  stress 
concentration  factors  for  Isotropic  materials ,  that  is ,  to  use  the  published 
data  for  hollow  metal  shafts  with  holes,  foiind  in  Reference  1.  Upper  and 
lower  bounds  on  the  c8J.culated  failure  loads  were  obtcdned  by  considering 
the  actual  hole  size  and  the  equivedent  hole  size  (eurea  of  dameiged  fibers) 
in  the  determination  of  .  The  actual  and  equivalent  damage  areeis  for 
each  specimen  are  shown  in  Table  III,  along  with  the  upper  and  lower  boxinds 
of  the  calculated  failure  loads  using  isotropic  theory. 


7 


The  second  method  was  to  use  the  theory  for  stress  concentrations 
around  holes  in  infinite  orthotropic  plates  found  in  Reference  2.  In 
Reference  2  a  formula  was  developed  to  cedculate  the  stress  at  any  point 
on  the  circumference  of  a  circular  hole  in  an  infinite  orthotropic  plate 
as  a  function  of  the  nominal  shear  stress.  Since  the  plate  was  considered 
infinite,  the  size  of  the  hole  had  no  effect  on  the  analysis,  and  conse¬ 
quently  the  same  calculated  failure  torque  was  found  for  all  the  specimens 
in  this  program.  The  assumption  of  an  infinite  plate  was  not  veJ-id  for 
the  shaft  specimens  of  this  program,  eind  therefore  the  results  of  this 
theory  yielded  results  significantly  lower  than  those  observed  experi¬ 
mentally,  as  shown  in  Table  III. 

An  effort  was  made  to  reduce  the  stress  concentration  by 
changing  the  fiber  orientation  in  the  shafts.  Although  the  orthotropic 
theory  did  not  yield  the  true  magnitudes  of  the  stress  concentrations,  the 
theory  was  used  to  determine  relative  stress  concentration  magnitudes  in 
shafts  of  different  orientations.  It  was  found  that  stress  concentration 
factors  were  reduced  by  approximately  fifty  percent  for  a  shaft  of  ±60° 
fiber  orientation.  It  must  be  noted,  however,  that  the  torsional  strength 
of  the  ±6CP  shaft  is  also  lower  than  the  ±U5°  shaft,  and  an  experimental 
and  analytical  program  would  be  required  to  determine  what  advantages 
would  be  gained  by  changing  the  fiber  orientation.  This  work  is  beyond 
the  scope  of  the  present  study. 

The  results  of  all  experimental  and  analytical  work  are  shown  in 
Table  III.  The  calculated  upper  and  lower  bounds  on  the  residual  strength 
using  isotropic  theory  show  fair  correlation  with  the  experimental  results, 
giving  slightly  higher  values  than  test.  Specimens  1,  2,  3  and  7  failed 
under  impact ,  which  wovild  be  expected  based  on  the  calculated  residual 
strengths. 

The  calculations  using  orthotropic  plate  theory  yielded  results 
considerably  below  the  test  values.  As  mentioned  previously,  this  theory 
assumed  an  infinite  plate  and  was  therefore  not  valid  for  this  application. 
This  indicates  a  need  for  an  anedytical  method  for  the  determination  of 
stress  concentrations  around  holes  in  orthotropic  structures  of  finite 
dimensions. 

The  results  indicate  that  the  damage  in  both  the  composite  and 
metal  shafts  was  proportional  to  the  type  of  shot  (tumbled  or  straight) 
and  the  velocity  of  the  shot.  The  greatest  damage  was  caused  by  tumbled 
shot  at  high  velocities.  In  the  cemposite  shafts  the  damage  took  the  form 
of  a  hole  with  adjacent  fiber  damage,  while  the  metal  shafts  exhibited 
considerable  flowering  around  the  hole  with  sharp  edges.  In  both  ceises, 
the  residual  strength  (failure  load  after  damage)  was  proportional  to 
the  extent  of  damage,  as  expected. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  results  of  this  program  indicate  that  conventional  alviminum  drive 
shafts  are  superior  to  ±45°  boron/epoxy  double-wall  shafts  when  ballistic 
damage  is  sustained.  The  plastic  nature  of  metals  permits  local  yielding 
around  the  damaged  area,  which  reduces  the  effect  of  the  stress  concen¬ 
tration  and  allows  high  loads  to  be  susteiined.  Boron/epoxy,  howevor, 
behaves  elastically  up  to  failure  and  therefore  is  subject  to  stress 
concentration  and  falls  at  loads  well  below  the  maximum  operating 
levels.  The  potential  weight  and  stability  advantages  of  the  present 
composite  construction  and  fiber  orientation  appear  to  be  outweighed  by 
its  poor  tolerance  to  ballistic  damage. 

Thus  bsLllistic  damage  tolerance  is  a  critical  area  of  concern  for 
composite  drive  shafts,  and  further  analysis  end  test  efforts  ere  required 
to  eissxire  that  the  high-strength,  high-modulus  composites  can  be  effectively 
used  in  a  combat  aircraft.  The  principal  problem  appears  to  be  the  high 
effective  stress  concentration  experienced  in  the  ±45°  ply  layup  when 
subjected  to  ballistic  dameige.  The  theoretical  stress  concentration  factors 
from  Reference  2  indicate  that  ply  orientation  may  have  an  appreciable 
effect  on  the  magnitude  of  the  concentration  factor,  and  therefore  it  may 
be  possible  to  improve  the  tolerance  to  ballistic  damage  by  using  different 
combinations  of  ply  orientations.  This  is  beyond  the  scope  of  the  present 
study,  but  it  remains  an  area  for  consideration  in  fut\ire  investigations. 
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Figure  7.  Boron/Epoxy  Specimen  1,  Tangential  Impact. 
Failed  on  Impact,  T  =  12,300  in. -lb. 


Figure  8.  Boron/Epoxy  Specimen  2,  Tangential  Impact. 
Failed  on  Impact,  T  =  8,200  in. -lb. 


20 


Figure  9.  Boron/Epoxy  Specimen  3,  Entrance  Hole  Damage. 
Failed  on  Impact,  T  =  10,000  in. -lb. 
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Figure  10.  Boron/Epoxy  Specimen  3,  Exit  Hole  Damage. 
Failed  on  Impact,  T  =  10,000  in. -lb. 
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Figure  12.  Boron/Epoxy  Specimen  5,  Entrant 
Torque  on  Impact  =  7,500  in. -lb 
Residual  Strength  =  7,780  in. -11 
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Boron/Epoxy  Specimen  6,  Exit  Hole  Damage 
Torque  on  Impact  =  7.500  in. -lb, 

Residueil  Strength  =  7,000  in. -lb. 


Figure  l6.  Boron/Epoxy  Specimen  7»  L  =  ^5.9  inches.  Entrance  Hole  Damage. 
Failed  on  Impact,  T  =  10,000  in.-lh. 
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Figure  18.  Aliminum  Specimen  8,  Entrance  Hole  Damage. 
Torque  on  Impact  =  10,000  in. -lb. 

Residual  Strength  =  26,400  in. -lb. 
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Figure  20.  Aluminum  Specimen  9,  Entrance  Hole  Damage. 
Torq,ue  on  Impact  =  13*000  in.~lb. 

Residual  Strength  =  32,600  in.-lh. 


Figure  21.  Aluminum  Specimen  9»  Exit  Hole  Damage. 

Torque  on  Impact  =  13,000  in. -lb, 
Residual  Strength  =  32,600  in. -lb. 
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Figure  23.  Aluminum  Specimen  10,  Exit  Hole  Damage. 
Torque  on  Impact  =  l6,350  in. -lb. 
Residual  Strength  =  22,000  in. -lb. 


